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(54) Optical device and formation of optical waveguide using the photorefractive effect 



(57) A glass 1 is irradiated with a focused pulsed 
laser beam 2 having a peak power density of 10^ W/cm^ 
or more and a repetition rate of 10 KHz or more. The 
glass 1 irradiated with the laser beam 2 changes its 
refractive index at the focal point 4. During the laser 
beam irradiation, the glass 1 is continuously moved with 
respect to the focal point of the pulsed laser beam 2 or 
continuously scanned with the focused laser beam 2. so 
as to form the refractive index changed region (i.e. an 
optical waveguide 5) with a predetermined pattern. The 
glass 1 in which the optical waveguide 5 will be formed 
may be any kind of glass having high transparency 
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Description 

The present invention relates to an optica! device in 
which an optical waveguide is formed therein and also 
relates to a method of producing such an optical device, s 

An optical waveguide useful for optical comnounica- 
tion or the like has been formed in glass by an ion- 
exchange process or a flame hydrolysis process. 

According to the ion-exchange process, Ag"^ ions 
are thermally diffused into a surface layer of a glass 
substrate through a slit -shaped opening of a thin metal 
film deposited on the glass substrate so as to form an 
optical waveguide in the surface layer by the first ion- 
exchange step to replace Na"^ ions in the glass with Ag"^ 
ions. A uniform electric field is then applied to the glass 
substrate in a Na* fused salt. 

Thereafter, the surface layer of the glass is pene- 
trated with Na"^ ions from fused salt. Due to the diffusion 
of Na* ions, a high refractive index region which was 
formed at the outmost layer by the diffusion of Ag"*" ions 
is submerged beneath the surface, so that the optical 
waveguide is embedded below the surface of the glass 
so as to ensure a characteristic of low propagation loss. 

The core of the optical waveguide obtained in this 
manner generally has a semicircular or circular section 
of 10-200 ^m in radius and a relative index difference of 
around 1 %. 

Since the change of refractive index is controlled by 
ion-exchange, the structure of the formed optical 
waveguide is limited to the part near the surface of the 
glass, and the glass materials available for the 
waveguide formation are those capable of ion- 
exchange. Besides, the ion-exchange requires a long 
time, resulting in poor productivity. 

According to the flame hydrolysis process, minute 
glass particles are deposited on a silicon substrate by 
the flame hydrolysis of silicon tetrachloride and germa- 
nium tetrachloride, so as to form a duplicated glass 
layer for an under clad and a core. The accumulated 
minute glass particles are then reformed to a transpar- 
ent glass layer by heat treatment at a high temperature. 
Thereafter, a core part is shaped to a predetermined 
pattern by photolithography or reactive etching, and 
then a clad is formed. 

The flame hydrolysis process involves complicated 
steps for the formation of an optical waveguide, and only 
uses silica-based materials. Besides, it is difficult to 
form an optical waveguide having a circular section, 
since the core is formed by etching. 

Although an optical waveguide can be formed with 
various two-dimensional patterns by either the ion- 
exchange process or the flame hydrolysis process, it is 
nearly impossible to form channels with a three-dimen- 
sional pattern. Consequently, an optical waveguide cir- 
cuit having a complicated structure can not be obtained 
by these processes. 

An object of the present invention is to provide an 
optical device in which an optical waveguide is formed 
with a high degree of freedom. 



Another object of the present invention is to form 
such an optical waveguide in glass by the structural 
change which is induced by laser beam irradiation. 

The inventors recognized the light-induced effect 
that the structure of glass is changed by laser beam irra- 
diation, and have researched the feasibility of this effect 
for forming an optical waveguide. 

An optical device according to the present invention 
includes a glass in which a refractive index changed 
region serving as an optical waveguide is formed in a 
continued state by laser beam irradiation. 

The glass is selected from oxide glass, hallde glass, 
sulfide glass and calcogenide glass. The oxide glass 
may be silicate, borate, sulphate, phosphate, fluoro- 
phosphate or bismuthate. The halide glass may be 
Type-BeF2, ZrF^, \nF^ or Cd-2n-CI. The sulphide glass 
may be Ga-La-S. The calcogenide glass may be Se-As. 

The optical waveguide is formed by focusing a laser 
beam having sufficient energy to induce structural 
change in the glass at a focal point of the laser beam, 
and by relatively shifting the focal point with respect to 
the glass so as to form a continuous refractive index 
changed region through the glass. 

The laser beam preferably has a peak power den- 
sity of 10^ W/cm^ or more at the focal point, although 
the necessary peak power density is changeable in 
response to the particular glass undergoing i radiation. 
The peak power density is the value obtained by con- 
verting the peak output (W), which is represented by the 
ratio of an output energy (J) per each pulse to a pulse 
duration (sec.), to a unit of irradiated surface area. If the 
peak power density is less than 10^ W/cm^. the refrac- 
tive index is scarcely changed so as not to form an opti- 
cal waveguide in the glass. 

The light-induced effect on a refractive index is 
accelerated with the Increase of the peak power density, 
which facilitates the formation of an optical waveguide. 
However, it is practically difficult to use a laser beam of 
excessively quantitative energy. In this sense, the 
pulsed laser beam whose peak power density is intensi- 
fied by narrowing its pulse duration is preferable for this 
purpose. 

The optical waveguide formed In the glass is modi- 
fied to a smooth structure by irradiation with a pulsed 
laser beam with a repetition rate higher than 10 KHz. 

The laser beam is focused by a condenser lens or 
the like, in a manner such that a focal point is adjusted 
to the interior of the glass. When the focal point is rela- 
tively shifted inside the glass, a refractive index changed 
region effective as an optical waveguide is continuously 
formed in the glass. In practice, the glass is continu- 
ously scanned with the condensed beam^ or the focal 
point is continuously shifted in the glass along a prede- 
termined pattern. 

Fig. 1 is a schematic view illustrating the irradiation 
of a silica glass with a^ pulsed laser beam in Exam- 
ple 1; 

Fig. 2 is a schematic view illustrating an optical 
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waveguide formed in the glass shown in Fig. 1 ; 
Fig. 3 is a schematic view illustrating the irradiation 
of a fluoride glass with a pulsed laser beam In 
Example 2; and 

Fig. 4 is a schematic view illustrating an optical 
waveguide formed along a circular arc in the glass 
shown in Fig. 3. 

The phenomenon that a refractive index is changed 
by laser beam irradiation is known as the light-induced 
effect and is typically observed In silicate glass contain- 
ing P, Ce, Ge or the like. This effect is caused by the 
reaction that oxygen defects, having an intrinsic absorp- 
tion in an ultraviolet wavelength region and existing in 
the glass, partially change their structure when irradi- 
ated with a laser beam at the absorption wavelength. 
The light-induced effect has been researched so far 
using an excimer laser, i.e. a type of ultraviolet laser. 

Such a laser beam has a repetition rate lower than 
1 0 KHz, but does not offer enough energy to the irradi- 
ated part. Therefore, the refractive index changed 
region is shaped only to a spot without continuation. If 
the repetition rate is forcibly increased with holding an 
average output power at a constant value, the energy 
per each pulse is decreased. Consequently, it is difficult 
to induce the structural change which causes the varia- 
tion of the retractive index. 

A pulsed laser beam having a repetition rate of 10 
KHz or higher is useful for the formation of an optical 
waveguide, if a strong peak power density is obtained 
by making the pulse duration shorter. The refractive 
index is changed at a focal point regardless of the com- 
position of the glass. Under this condition, the same 
phenomenon is generated by irradiation with a pulsed 
laser beam having a wavelength different from the 
intrinsic absorption wavelength of the glass. Even when 
a pulsed laser of wavelength similar to the intrinsic 
absorption wavelength of the glass is used, the light- 
induced effect on the refractive index is assured by 
applying the laser beam with a peak power density of 
10^ W/cm^ or more to a glass which exhibits weak 
absorbance. 

This phenomenon is advantageously used for the 
formation of an optical waveguide, although the nature 
of the phenomenon is not clear. When the glass is con- 
tinuously scanned with the laser beam, a refractive 
index changed region is continuously formed along the 
locus of the focal point due to the higher repetition rate. 
The refactive index changed region is used as an optical 
waveguide, since its refractive index is higher than the 
original refractive index of the glass. 

In order to form a smooth waveguide structure, the 
pulse duration should be shorter In other words, the 
repetition rate should be inceased so as to apply the 
first and second pulses in the shortest possible time 
period. In this regard, the laser beam should have a rep- 
etition rate of 10 KHz or more, preferably 100 KHz or 
more. If the repetition rate is lower than 10 KHz, the 
laser beam is scattered to the glass without the induc- 



tion of the refractive index change necessary for the for- 
mation of an optical waveguide. 

The glass could be continuously irradiated with the 
laser beam by decreasing the motion speed of the glass 

5 or the scanning speed of the focal point. However, the 
second pulse is applied in an overlapped state at a pre- 
determined time after the first jrradiation pulse. Due to 
the overlapped irradiation, the refractive index changed 
by the first irradiation pulse would be re-changed by the 

10 second irradiation pi use. Consequently, a smooth 
waveguide structure would not be obtained. 

The upper limit of the repetition rate is not particu- 
larly defined. For instance, a substantially continuous 
laser beam with a repetition rate near infinity could be 

75 used. However, when the repetition rate is increased too 
much, the energy for each pulse is weakened in gen- 
eral. In this regard, the upper limit of the repetition rate 
is determined by the energy threshold for changing the 
refractive index of the glass as well as the power of the 

20 laser used in the process. 

The diameter of the optical waveguide is controlla- 
ble by the power of the pulsed laser beam, the diameter 
of the focal point, and the like. The optical waveguide 
can be made larger in diameter by increasing the power 

25 of the pulsed laser or the diameter of the focal point. 
The rate of the refractive index change at the core can 
be controlled by the repetition of scanning. The rate of 
the refractive index change is made larger without the 
enlargement of the core in diameter, by increasing the 

30 scanning rate of the pulsed laser beam. 

Example 1: 

Silicate glass having a composition of 95 wt.% Si02 

35 and 5 wt.% Ge02 was shaped to a rectangular parallel- 
epiped sample having the dimensions of 10mm x 10mm 
X 5mm. Sample 1 was irradiated with a pulsed laser 
beam 2 of 800 nm wavelength with a repetition rate of 
200 KHz and a pulse duration of 150 femtoseconds. 

40 The pulsed laser beam 2 was emitted from a Ti:Al203 
laser excited with an Ar laser beam and then focused by 
a condenser lens 3, as shown in Fig. 1 . 

The laser beam 2 was focused by the lens 3 in a 
manner such that a focal point 4 was adjusted to a loca- 

45 tion in the interior of Sample 1 . SamjDie 1 irradiated with 
the laser beam 2 changed its refractive index by 0.02 
higher at the focal point 4. 

The refractive index of Sample 1 was changed in a 
very short time period, such as nanoseconds or pico- 

50 seconds. A straight high- refractive index region, useful 
as an optical waveguide 5, was formed in the sample 1 
as shown in Fig. 2, by the continuous motion of the 
glass sample 1 or by continuous scanning with the 
focused laser beam 2. 

55 The formation of the optical waveguide 5 was con- 
firmed by the transmission of light only through the 
refractive index changed region when visible light was 
actually inputted to the sample 1, It was noted from a 
near-field pattern at the outgoing side that the optical 
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waveguide had a circular section of 20 \itr\ in diameter. 

Ge-doped silicate glass was used in the above- 
mentioned Example. When other glasses such as high- 
puritiy silicate, phosphate, borate, fluorate, chlorate or 
sulfate glasses were irradiated with a laser beam in the 
same way, a similar optical waveguide was formed in 
the glass. 

The optical waveguide formed in this way has very 
small interfacial loss, since a distinct boundary is not 
generated between the core and the clad. Therefore, it 
is believed the same process can be used for the fornra- 
tion of discrete waveguides in optical integrated circuits 
or the like. 

Example 2: 

A sample 1 shown in Fig. 3 having the rectangular 
parallelepiped shape of 20mm x 20mm x 5mm was pre- 
pared from fluorate glass having a composition of 50 
mole % ZrF4, 5 mole % LbF^, 5 mole % AIF3, 20 mole 
% BaFs and 20 mole % NaF The sample 1 was irradi- 
ated with a pulsed laser beam 2 in the manner such that 
a focal point 4 was adjusted to a location in the interior 
of Sample 1 . The pulsed laser beam 2 had a wavelength 
of 1nm and an average power of 150 mW with a pulse 
duration of 1 20 femtoseconds and a repetition rate of 50 
KHz. 

In this Example, the focal point 4 was shifted along 
a circular arc. The formation of a refractive index 
changed region distinguishable from the surroundings 
in the sanple 1 along the locus of the focal point 4 was 
noted by observation using an optical microscope. The 
formed region, as shown in Fig. 3, i.e. an optical 
waveguide 5, had a circular section of 12 fjim in diame- 
ter. 

When a He-Ne laser beam was inputted to the opti- 
cal waveguide 5 at one side, the emission of the laser 
beam from the waveguide channel 5 at the other side 
was noted from the distribution of luminous energy in a 
near-field pattern. It was noted that the region reformed 
by laser beam irradiation had a relatively high refractive 
index when compared to the surroundings so as to form 
the waveguide structure. 

When a focused laser beam was repeatedly 
applied to the optical waveguide 5, the laser beam emit- 
ted from the waveguide channel 5 at the other side was 
intensified. The rate of the refractive index change was 
increased in accordance with the increase of the repeti- 
tion of the laser beam irradiation. 

Further, a fluorate glass was irradiated with a laser 
beam whose wavelength was varied from 400 nm to 
2)xm, while holding the pulse duration and the repetition 
rate of the laser beam at a constant level, to form an 
optical waveguide in the glass. The formation of the 
same optical waveguide in the glass was noted from the 
distribution of luminous energy in a near-field parttern at 
an outgoing side. 

According to the present invention as aforemen- 
tioned, a glass is irradiated with a pulsed laser beam 



having a peak power density sufficient to partially 
change the refractive index of the glass at the focal 
point, so as to form an optical waveguide in the glass. 
This process has the advantage that the optical 

5 waveguide can be easily formed without the necessity 
of conrplicated steps. In addition, the pattern of the opti- 
cal waveguide can be controlled with a high degree of 
freedom by changing the moving direction of the glass 
with respect to the optical axis of the pulsed laser beam 

10 or the scanning direction of the focal point with respect 
to the glass. Therefore, the optical device obtained in 
this way has the structure that optical waveguides can 
be formed with complicated three-dimensional patterns 
useful for discrete optical circuits. 

15 

Claims 

1. An optical device comprising; 

20 a refractive index changed region continuously 

formed In a glass by laser beam irradiation, and 
a remaining part surrounding said refractive 
index changed region, which keeps its original 
refractive index without the affection of said 

25 laser beam irradiation. 

2. The optical device according to Claim 1, wherein 
the glass is selected from the group consisting of 
oxide glass, halide glass, sulphide glass and calco- 

30 genide glass. 

3. A method of forming an optical waveguide in a 
glass, comprising the steps of; 

35 focusing a laser beam having sufficient energy 

to induce a change of a refractive index at the 
interior of a glass, and 

relatively shifting the focal point of said laser 
beam in said glass so as to form a continuous 
40 region in said glass where the refractive index 

is changed. 

4. TTie method according to Claim 3, wherein the laser 
beam has a peak power density of at least 10^ 

45 W/cm^ at the focal point. 

5. TTie method according to Claim 3 or 4, wherein the 
laser beam is a pulsed laser beam with a repetition 
rate of at least 10 KHz. 

50 

6. The method according to one or more of Claims 3 
to 5, wherein the glass is selected from the group 
consisting of oxide glass, halide glass, sulphide 
glass and calcogenide glass. 

55 

7. TTie method according to one or more of Claims 3 
to 6, wherein the glass is continuously scanned with 
the focused laser beam. 
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The method according to one or more of Claims 3 
to 7, wherein the focal point of the laser beam is 
continuously shifted in the glass. 
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